While Crohn disease (CD) has been clearly identified as a Th1 inflammation, the immunopathogenesis of its
Introduction
Studies of murine models of the two forms of inflammatory bowel disease (IBD), Crohn disease (CD) and ulcerative colitis (UC), strongly suggest that both of these diseases are due to dysregulation of the mucosal immune response to antigens in the mucosal microflora (1, 2) . Nevertheless, the fact that CD and UC differ from one another both clinically and pathologically gave rise to the notion fairly early on that very different immune processes are at play in the two diseases. In particular, CD is marked by a transmural, granulomatous inflammatory process that is usually associated with Th1 responses, whereas UC is a more superficial disease in which epithelial damage is an over-riding factor, and autoantibodies are usually present that are generally markers of Th2 responses (3). These differences are also borne out by studies of the immune profiles in CD and UC that show that CD is associated with an IL-12-directed IFN-γ response, a hallmark of a Th1 inflammation, whereas in UC this type of response is not present, and some other type of immune response, possibly a Th2 response, is evidently driving the inflammation (4) (5) (6) (7) (8) .
To gain further insight into the possible role of Th2-driven processes in the inflammation in UC, one can turn to various murine models of inflammation that are dependent on a Th2 response (2) . Of the several such models available, one that has proven particularly useful is oxazolone colitis, a colitis induced by intrarectal administration of the haptenating agent, oxazolone. As shown initially by Boirivant et al., when oxazolone is administered intrarectally without prior sensitization, one sees a rapidly developing and spontaneously resolving inflammation histologically reminiscent of UC, in that it is marked by a superficial, edematous, ulcerative lesion that affects the distal half of the colon (9) . This lesion is a Th2-driven process characterized by the production of IL-4 and IL-5 and, indeed, is prevented by the administration of anti-IL-4 mAb's. In later studies by Heller et al. in which a more prolonged form of oxazolone colitis was studied, it was shown that the initial IL-4 response is rapidly superseded by an IL-13 response, and, in fact, the inflammation is also prevented by the administration of an IL-13 inhibitor, IL-13Rα2-Fc (10) . Further studies by these authors revealed that NK T (NKT) cells rather than conventional CD4 + T cells mediate oxazolone colitis and, importantly, NKT cells were the source of the IL-13, since they produced IL-13 upon stimulation by α-galactosylceramide (α-GalCer), a glycolipid antigen that is recognized by the invariant T cell receptor (TCR) usually associated with NKT cells (11, 12) .
The resemblance of oxazolone colitis to UC at the histopathological level leads to the question of whether the mechanisms resulting in the murine model also underlie the human disease. In the present study, we addressed this question and found that involved tissue from UC patients contain increased numbers of nonclassical NKT cells (i.e., NKT cells that do not bear an invariant TCR) that produce markedly increased amounts of IL-13. In addition, we show that these cells are cytotoxic for epithelial cell targets and that the cytotoxicity is enhanced by IL-13. These data strongly suggest that UC is characterized by an atypical Th2 response having the potential of causing the epithelial cell damage that is the hallmark of the disease.
Nonclassical CD1d-restricted NK T cells that produce IL-13 characterize an atypical Th2 response in ulcerative colitis
Results

IL-13 production in UC.
In initial studies, we determined the capacity of lamina propria mononuclear cells (LPMCs) extracted from tissues obtained from patients with UC, CD, and control patients to produce IL-13, IL-4, IL-5, and IFN-γ following stimulation in vitro with polyclonal stimuli, either anti-CD2/anti-CD28 or anti-CD3/anti-CD28 (see Methods). As shown in Figure 1A (depicting stimulation with anti-CD2/anti-CD28), while LPMCs from both UC patients and CD produced greater amounts of IL-13 than control individuals, the increase exhibited by LPMCs from UC patients was far greater than the one observed in LPMCs from CD patients (tenfold and two-to threefold respectively), and UC LPMCs produced three-to fourfold greater amounts of IL-13 than CD LPMCs, a highly significant difference (P < 0.01). Similarly, as previously demonstrated (8) and shown in Figure 1C (depicting stimulation with anti-CD2/ anti-CD28), LPMCs from UC patients also produced a significantly greater amount of IL-5 as compared with control or CD LPMCs (P < 0.01), and in this case, control and CD LPMCs produced the same low levels. As shown in Figure 1D and in previous studies, however, LPMC production of IL-4, another Th2 cytokine, was at least fivefold lower in cells obtained from either UC or CD patients as compared with cells obtained from controls and did not differ significantly from one another (8, 13) . The above changes in cytokine production were most likely limited to areas of inflammation because in the three cases studied in which involved and uninvolved tissues were examined, cells from the UC-uninvolved tissue manifested no increase in IL-13 secretion compared with controls (108 ± 10 vs. 87 ± 33 pg/ml). Finally, with respect to secretion of the Th1 cytokine, IFN-γ, as shown in Figure 1B , LPMCs from CD patients produced greater than tenfold higher amounts of IFN-γ than LPMC from UC patients (P < 0.01); the latter produced amounts of IFN-γ 
Figure 2
Intracellular cytokine expression of CD161 + LPMC. (A) CD161 expression on unstimulated CD3 + LPMCs. LPMCs from control (n = 5), involved CD (n = 6), and involved UC (n = 8) tissues were stained with fluorochrome-labeled Ab's recognizing various surface antigens (CyChrome-labeled anti-CD3, PE-labeled anti-CD4, and FITC-labeled anti-CD161) and then were analyzed for the expression of CD4 + versus CD161 + cells on CD3-gated cells. (B) Intracellular IL-13 cytokine production by stimulated LPMCs. LPMCs from control (n = 5), involved CD (n = 6), and involved UC (n = 8) tissues were cultured for 48 hours with anti-CD2/anti-CD28 with addition of monensin for the last 6 hours of culture. The resultant cells were stained with fluorochrome-labeled Ab's recognizing various surface antigens (CyChrome-labeled anti-CD3, APC-labeled anti-CD8, and FITC-labeled anti-CD161) and then were fixed/permeabilized prior to intracellular cytokine staining with PE-labeled anti-IL-13. Cells were gated on CD3 and analyzed for the expression of CD8 -(CD4 + ) cells and CD161 + cells versus IL-13 + cells. equal to that of LPMCs from controls. As an additional control for these studies we also conducted kinetic time course studies of both IL-13 and IL-5 secretion and found that peak secretion of both these cytokines occurred at 48-72 hours. We also found that the difference between UC and CD cells was seen throughout the 72-hour time period (data not shown). Taken together, these results demonstrate that LPMC production of IL-13 and IL-5 but not IL-4 is high in UC as compared with CD patients, and production of IFN-γ is high in CD as compared with UC patients.
The proportion of cells in UC/CD LPMCs bearing an NKT cell marker (CD161) and secreting IL-13 and/or IFN-γ. We next sought to determine the cellular source of the increased IL-13 secretion noted above. Given the fact that in oxazolone colitis, an experimental model of colitis resembling UC, NKT cells were the source of the IL-13, we focused on the possibility that a similar cell was responsible for the high IL-13 production in UC. In initial studies along these lines we sought to determine the level of NKT cells in LPMC populations extracted from tissues of UC, CD, and control patients using the CD161 (NK1.1) marker. We recognized, however, that this approach would be limited by the fact that even though CD161 is the widely used marker of human NKT cells this marker is also found on activated CD4 + cells and thus could yield false-positive results in studies of LPMC populations that may contain large numbers of activated cells (14, 15) . As shown in the representative dot plot depicted in Figure 2A , an increased CD4 + CD161 + expression was observed in unstimulated LPMCs from both UC and CD patients and were not significantly different in these groups; however, these levels were significantly higher than those in control LPMCs (P < 0.01). The range of expression of CD4 + CD161 + T cells for control patients were 1.14-6% (mean 3.2%), for CD patients were 18.71-58.1% (mean 31.4%), and for UC patients were 16.2-61.3 % (mean 33.8%).
While these studies did not identify a quantitative difference in the number of CD161 + T cells in UC patients as compared with CD patients, presumably because of the ambiguous significance of the CD161 marker referred to above, it was still possible that this population of cells in the two patient groups differed qualitatively. To investigate this possibility we next determined if the CD161 + cell population harbored a subpopulation of cells producing IL-13. Accordingly, we stimulated LPMCs from the various patient groups with anti-CD2/anti-CD28 and then subjected the cells to fourcolor flow-cytometric analysis using staining reagents recognizing CD3, CD8, CD161, and intracellular IL-13. As shown in a representative dot plot depicted in Figure 2B (derived from the same individuals studied in Figure 2A ), UC LPMCs contained a greater than 30-fold higher percentage of CD4 + CD161 + T cells producing IL-13 than CD LPMCs. The range of expression of CD4 + CD161 + T cells secreting IL-13 for control patients was 0-1.02% (mean 0.5%), for CD patients was 0.01-1.92% (mean 0.66%), and for UC patients was 7.2-51% (mean 26.6%). As shown in Figure 2C (again derived from these same individuals), however, CD LPMCs contained a greater than 30-fold higher percentage of CD4 + CD161 + cells producing IFN-γ than did UC LPMCs, and UC production of IFN-γ was not higher than that observed in control LPMCs. The range of expression of CD4 + CD161 + T cells secreting IFN-γ for control patients was 0.4-3% (mean 1.6%), for CD patients was 10-56.3% (mean 35.2%), for UC patients was 0.1-2.68% (mean 1.2%). These results are consistent with the mitogen responses shown in Figure 1 and lead to the conclusion that CD161 + cells in UC and CD LPMCs exhibit markedly different cytokine-secretion profiles, whereas UC is associated with IL-13 secretion by a CD161 + cell, CD is not.
It should be noted that the above differences between UC and CD could be influenced by an additional limitation of the use of the CD161 marker, namely that its expression is downregulated by prolonged in vitro cell stimulation and activation in UC and CD cell populations (15) . One would anticipate that this effect would affect both patient cell populations equally, however. This expectation is, in fact, noted in Figure 2B , which demonstrates that there is roughly equal downregulation of the expression of CD4 + CD161 + in LPMCs from UC and CD patients after stimulation. In further studies to more directly overcome this limitation, we determined the expression of intracellular IL-13 in CD and UC CD4 + CD161 + cells prior to cell activation. As shown in the representative dot blot depicted in Figure 2D (n = 4), we observed fewer UC cells expressing IL-13 under these conditions because optimal expression requires cell activation; nevertheless, about 20-fold more IL-13-expressing cells were seen in UC cells as compared with CD cells, and approximately 75% of the IL-13-expressing cells were CD161 positive. In a second study along these lines, we depleted UC LPMCs of CD161 + cells prior to cell activation (with anti-CD2/ anti-CD28) using anti-CD161-coated Miltenyi Biotec beads (see Methods) to determine if IL-13-producing cells initially reside in a CD161 + cell population. Indeed, if UC LPMC populations are subjected to such depletion, the amount of IL-13 production falls from 832 ± 63 pg/ml to 57 ± 6 pg/ml (n = 3). In this study we also determined if IL-5 production is also affected by CD161 depletion prior to cell activation and found that IL-5 levels decreased from 133 ± 9 pg/ml to 22 ± 12 pg/ml (n = 3). This study thus offered evidence that IL-5 was also being produced by CD161 + T cells.
Stimulation of UC/CD LPMC with cells bearing high levels of CD1d. If, indeed, the CD4 + CD161 + cells producing IL-13 in UC are NKT cells, as implied above, they should exhibit a prime characteristic of NKT cells, namely that their responses are CD1d restricted (16, 17) . To determine if this is the case, we took advantage of the fact that all CD1d-restricted T cells are stimulated by APCs that bear high levels of surface CD1d under certain stimulation conditions (16, 18, 19, 20) . We thus cocultured LPMCs from the various patient groups with an EBV-transformed B cell line that expressed high levels of CD1d as a result of transfection with a CD1d construct (the 721.221 cell line, referred to here as 721 cells) and then subjected the cells to flowcytometric analysis to determine IL-13/IFN-γ secretion as described above. It should be noted that such cocultures were carried out in the presence of subactivating concentrations of PMA/IL-2, which has previously been shown to be required for such stimulation (18, 21) . As shown in Figure 3 Finally, the studies of UC LPMC IL-13 production resulting from stimulation by 721 cells measured by flow-cytometric analysis were fully corroborated by studies of IL-13 secretion measured by ELISA. Thus, as shown in Figure  4 , UC LPMCs stimulated with 721 cells transfected with CD1d produce a significantly increased amount of IL-13 as compared with cells stimulated with PMA/IL-2 alone (P < 0.01). In addition, this increased IL-13 secretion was significantly reduced in the presence of anti-CD1d mAb (51.1.3) (P < 0.01). The addition of control IgG Ab instead of anti-CD1d mAb led to no measurable change in the increased IL-13 secretion (data not shown). In contrast, CD LPMC showed no increase in IL-13 or IFN-γ secretion (above the baseline secretion levels achieved with PMA/IL-2) when stimulated with transfected 721 cells (data not shown).
Lack of cells in UC LPMCs bearing an invariant TCR. In previous studies of both mouse and human NKT cells it has been noted that a major subpopulation of NKT cells bear an "invariant" TCR identified by a particular Vα and Jα chain and a capacity to bind a specific tetramer loaded with α-GalCer, a glycolipid presented by APCs expressing CD1d and shown previously to react with invariant TCR NKT cells (16, 22, 23, 24) . In addition, it has been shown that invariant TCR NKT cells exhibit the ability to proliferate or produce cytokine when stimulated by α-GalCer (11, 24) . Indeed, NKT cells with an invariant TCR were shown to be the IL-13-producing cell in oxazolone colitis. On this basis we determined if the NKT cell identified in UC also expresses the invariant TCR associated with most NKT cells.
Accordingly, we first stained unstimulated LPMCs from the various patient populations with mAb's specific for Vα24 and Vβ11, since these specificities have previously been shown to characterize human invariant NKT cells (19, 25) . As shown in Figure 5A , the number of cells in both UC and CD LPMC populations expressing these specificities were quite low (0.1-0.4%) and did not differ either from each other or from the percentage of these cells in control LPMCs. In further studies in this vein, we also stained CD3 + LPMCs with an α-GalCer-loaded tetramer capable of recognizing human invariant NKT cells (see Methods). As shown in Figure 5B , only a very small population of LPMCs from both UC and CD patients (0.1-0.4%) exhibited positive staining with the α-GalCer-loaded tetramer. In contrast, as shown in the control study in Figure 5 , 99% of the CD3 + cells comprising a known invariant NKT cell line were tetramer positive.
In the final and perhaps the most definitive study seeking the presence of invariant NKT cells in UC, we stimulated LPMC populations from the various patient groups with α-GalCer. LPMCs from both UC and CD patients stimulated in this way produced only negligible amounts of IL-13 (2.5 ± 1 pg/ml and 0 pg/ml, or undetectable amounts) in UC and CD, respectively. Taken together, these various studies establish that invariant TCR NKT cells are not increased in UC, and these cells are not the source of the IL-13 produced by CD4 + CD161 + CD1d-restricted T cells in this disease.
NKT cells in UC exhibit IL-13-augmented cytotoxicity for epithelial target cells.
In an attempt to determine if the NKT cells identified in UC patients have the potential to mediate tissue injury in this disease as previously shown in various animal models (26-28), we conducted studies to measure their ability to mediate cytotoxic function. In initial studies we determined the capacity of human NKT cell lines bearing the invariant TCR associated with human NK cells, prepared as described by Exley et al. (i.e., classical NKT cells) (21) to mediate cytotoxicity for LPS-treated HT-29 epithelial cells, a highly differentiated human epithelial cell line that expressed CD1d following LPS treatment (data not shown). As shown in Figure 6A , the NKT cell lines exhibited modest cytotoxicity for HT-29 cells (10:1 effector-to-target ratio [E/T]), which was enhanced by the presence of IL-13 (P < 0.01) but was not increased further by the addition of TNF-α, another inflammatory cytokine that may be increased in UC (data not shown). The addition of anti-CD1d Ab to the culture led to an approximate 70% decrease in the enhancement induced by IL-13 (data not shown). In further studies focusing on NKT cells in UC and CD patients we conducted cytotoxicity studies with purified CD4 + CD161 + cells again using LPS-treated HT-29 cells as targets. As shown in Figure 6B , UC CD4 + CD161 + cells exhibited modest cytotoxicity for HT-29 targets that was also enhanced by the presence of IL-13; again the presence of anti-CD1d Ab in the culture led to a similar decrease in IL-13 enhancement as seen with the NKT cell line. In contrast, as shown in Figure 6C , a similar cell population isolated from CD patients exhibit a low baseline cytotoxicity and no significant enhancement by IL-13. We conclude from these studies that NKT cells in UC lamina propria do have the potential of acting as cytotoxic cells for epithelial cells.
Discussion
In the present study we found that LPMCs from involved tissue of UC patients contain CD4 + cells bearing an NKT cell marker (CD161) that, upon polyclonal activation, produces increased amounts of IL-13 (and IL-5) as compared with equivalent cells from control or CD tissue; in contrast, similar cells from CD patients produced increased amounts of IFN-γ. These findings were corroborated by four-color flow cytometry in which we showed that CD4 + T cells from UC patients bearing an NKT cell marker (CD161) express intracellular IL-13, whereas similar cells from CD patients express intracellular IFN-γ. Finally, we showed that UC LPMCs produce IL-13 when cocultured with a B cell line expressing high levels of surface CD1d (in the presence of PMA and IL-2), indicating that the IL-13 was being secreted by a CD1d-restricted cell. Collectively, these data strongly suggest that IL-13-producing, CD1d-restricted, NKT cells are uniquely associated with the UC but not the CD form of IBD.
The observation that UC is characterized by an increased Th2-oriented immune response partially coincides with an earlier study in which it was shown that in intestinal biopsies IL-13 mRNA, as well as IL-4 and IL-10 mRNA, was increased significantly in a larger percentage of UC patients than in "noninflammatory" controls; however, these results were difficult to interpret because IL-13 and IL-10 mRNA was not increased compared with "inflammatory" controls (including CD patients) (29) . In addition, our findings differed in that, in concert with prior studies, we found a decrease in IL-4 protein secretion rather than an increase in IL-4 mRNA (8, 13) . We postulate that this decrease is due to the fact that an initial IL-4 response in UC is superseded by an IL-13 response, as it is in oxazolone colitis (10) . It will be interesting in this regard to examine patients early after onset of UC to determine if the lesion is initially associated with IL-4.
The Th2 orientation of the UC lesion is also congruent with an earlier finding that mRNA encoding a recently discovered cytokine chain known as EBI3 was shown to be increased in UC tissues as compared with CD or control tissues (30, 31) . Of interest, EB13-deficient mice manifest poor Th2 responses and are resistant to the development of oxazolone colitis (32) . In addition, while such mice exhibit normal numbers of both naive and mature CD4 + and CD8 + cells, they have markedly reduced numbers of NKT cells. These studies thus suggest that an EBI3-associated cytokine (such as IL-27) may be necessary for the development of the Th2-cytokine-producing NKT cells that characterize both UC and oxazolone colitis.
NKT cells are defined by the fact that they are cells expressing both a TCR and NK receptors such as NK1.1 (CD161) (reviewed in ref. 16, 28) . In addition, NKT cells recognize antigens (usually glycolipid antigens) in association with CD1d (CD1 in mice), a MHC class I-like molecule present on the surface of professional APCs (dendritic cells) as well as on nonprofessional APCs such as intestinal epithelial cells (IECs) (33) . The TCRs used by classic NKT cells are invariant in that they use a particular Vα chain (in humans, Vα24/JαQ) usually associated with a particular Vβ chain (in humans, Vβ11) (19, 34) . On this basis, the classical invariant NKT cells (iNKT cells) recognize a simple glycolipid, α-GalCer, and can be identified with α-GalCer-loaded tetramers (16, 23, 24) . Since glycolipids are also found among self-antigens or antigens in the mucosal microflora, NKT cells may be self-antigen-reactive cells. This probably explains the finding noted here that they react to cells expressing CD1d in the absence of exogenous antigen, presumably because under these circumstances a self-glycolipid is present within the CD1d groove.
Whereas invariant NK T cells comprise the majority of CD1d-restricted NKT cells, the latter also include nonclassical NKT cells that express noninvariant (diverse) or, alternatively, semiinvariant TCRs that nevertheless react with antigens presented by CD1d (as do iNKT cells) (16, 23) . The cell population producing IL-13 and associated with the UC lesion appear to belong to this category of nonclassical NKT cells since they do not express an invariant TCR as indicated by their inability to bind α-GalCer tetramers and are stimulated by CD1d on the surface of CD1d-transfected EBV-transformed B cells (i.e., they are CD1d restricted) but not by α-GalCer. Such reactivity to CD1d in the absence of a specific antigen required partial activation by PMA as well as high-level expression of CD1d on the surface of the stimulating cell, probably reflecting the fact the cells are being stimulated by a relatively low-affinity selfantigen expressed by B cells in association with CD1d, as discussed above. It is interesting to postulate that these non-or semi-invariant CD1-restricted (NKT) cells in patients with UC recognize glycolipids in the bacterial microflora of the gut that cross-react with glycolipid self-antigens. Studies to establish the nature of this antigen or class of antigens will be among the next important steps in the elucidation of UC.
NKT cells secrete both Th1 and Th2 cytokines very soon after activation and thus can be considered a component of the innate immune system that "conditions" subsequent adaptive immune responses (15, 35, 36) . In addition, NKT cells may also function as regulatory cells since there is evidence that these cells protect mice against the development of autoimmune diabetes, experimental allergic encephalitis, and intestinal inflammation, possible through the production of Th2 cytokines (37) (38) (39) (40) . More relevant to their role in UC, however, is evidence that NKT cells also act as effector cells that induce inflammatory disease. This is seen clearly not only in the oxazolone colitis model, but also in models of allergen-induced airway hyper-reactivity (41) and in concanavalin Ainduced (conA-induced) hepatitis, a model of autoimmune liver disease (42) . In addition, it has recently been shown that non-iNKT (nonclassical) cells contribute to liver injury in a murine model of hepatitis B virus infection (43) .
Another key finding in this study is that NKT cells, in general (in the form of iNKT cell lines), as well as the nonclassical NKT cells in UC tissues can act as cytotoxic cells for human epithelial target cells and that such cytotoxicity is enhanced by IL-13. This finding recalls the many studies of UC performed in the 1960s-1980s in which various investigators attempted to show that this disease is associated with (if not, in fact, due to) cells capable of causing epithelial cell cytotoxicity and thus the characteristic ulcerative lesions of UC (reviewed in ref. 44 ). These studies were ultimately unable to prove the existence of bona fide cytotoxic cells with ability to lyse epithelial cells in UC, but, of course, they were performed before the present knowledge of NKT cells and their requirements for CD1d-expressing targets and IL-13 was available. It should be noted in this context that the target cells used in these studies were LPS-stimulated human epithelial target cells that expressed increased levels of CD1d as a result of LPS stimulation and, indeed, cytotoxicity was blocked by the addition of anti-CD1d. On the basis of these cytotoxicity findings it is reasonable to postulate that the immunopathology of UC involves first the stimulation of NKT cells through antigen presented to these cells by CD1d-bearing DCs or epithelial cells. The NKT cells so stimulated then begin to produce IL-13, at which point they become capable of lysing epithelial cells, and this leads to epithelial cell loss, ulceration, and breaches in the IEC barrier. Further intensification of the inflammation then ensues due to entry of organisms into the lamina propria proper as well as a result of IL-13-induced chemokine production (45) that leads to the influx of acute inflammatory cells. Evidence for this postulated series of events as a cause of UC are the aforementioned studies of conA-induced hepatitis in which it has been shown that NKT cells cause hepatocellular cytolysis (26, 42) and the studies of oxazolone colitis in which it was shown that the inflammation can be aborted by agents that block either NKT cell formation or function or IL-13 (10) . Further work in which specific inhibitors of IL-13 and/or NKT cells are administered to patients will be necessary to prove this hypothesis, however.
Methods
Patient population. Colonic specimens obtained from 31 surgical patients admitted for bowel resection to the Brigham and Women's Hospital (Boston, Massachusetts, USA), Istituto Superiore di Sanità (Rome, Italy), or Case Western Reserve University Hospital (Cleveland, Ohio, USA) for UC, CD, as well as malignant noninflammatory diseases, were studied. Fifteen patients with UC undergoing colectomy were evaluated based on the criteria of Truelove (46) . Disease activity was severe in all patients. Ten surgical patients with CD were studied, and according to criteria established by De Dombal et al. (47) , disease activity was classified as moderate in two and severe in eight patients. All CD patients had colonic involvement only. Finally, six surgical patients for bowel resection for malignant, noninflammatory condition were also studied. In every case these patients had undergone colonic resection secondary to adenocarcinoma. Collection of all surgical specimens was approved by Institutional Review Boards of the respective institutions.
Preparation of LPMCs. LPMCs were isolated from freshly obtained surgical specimens from IBD and non-IBD control patients using a modified technique previously described (8, 48) . The resultant LPMC preparations contained greater than 95% viable cells, as assessed by trypan blue exclusion. In some experiments LPMC populations were stained with anti-CD161/FITC and separated into CD161 + and CD161 -fractions by using anti-FITC-coated (BD PharMingen, San Diego, California, USA) magnetic beads (Miltenyi Biotec, Auburn, California, USA). The resultant fractions were greater than 92% pure after separation.
Assay of LPMC cytokine production. Culture of LPMCs was performed using complete medium as previously described (8) . The culture supernatants were harvested and assayed for cytokine concentrations by ELISA. In some experiments, 10 6 LPMCs were cultured in the presence of 100 ng/ml of α-GalCer for 48 hours (Kirin Co., Gunma, Japan).
ELISA assays. Cytokine concentrations were determined by commercially available specific ELISA assays for IFN-γ and IL-4 (Pierce Chemical Co., Rockford, Illinois, USA; R&D Systems Inc., Minneapolis, Minnesota, USA). IL-13 secretion was determined by using duo-paired cytokine coating (purified rat IgG1 anti-human IL-13 clone JES105A2; BD PharMingen) and detection Ab (clone SY04 biotinylated goat anti-human IL-13; R&D Systems Inc.) according to modifications of the manufacturer's PharMingen ELISA protocol. Samples were analyzed against the standard curve generated from known quantities of recombinant human IL-13 (R&D Systems Inc.) on an Immulon 4 plate (BD PharMingen). ODs were measured on a Dynatech MR 5000 ELISA reader at a wavelength of 450 nm for IFN-γ and IL-4 and at 405 nM for IL-13 measurements.
Intracellular cytokine detection by flow cytometry. Analysis of cells for the presence of intracellular IFN-γ was performed on LPMCs stimulated with PMA (5 ng/ml; Sigma-Aldrich, St. Louis, Missouri, USA) and ionomycin (100 ng/ml; SigmaAldrich) for 6 hours in complete medium in the presence of monensin (GolgiStop; BD Pharmingen). PMA/ ionomycin was found to be the optimal stimulus for IFN-γ intracellular cytokine secretion because it did not significantly affect CD161 surface expression (see results in Figure 2B ). Stimulation with anti-CD2/CD28 achieved similar intracellular secretion of IFN-γ, although, in this case, downregulation of CD161 expression was observed. For analysis of IL-13 secretion, monensin was added to the last 6 hours of LPMC cultures stimulated with anti-CD2/anti-CD28 or anti-CD3/anti-CD28, since these polyclonal stimulus were found to be optimal for IL-13 secretion. After stimulation, the cells were washed and labeled with conjugated mAb against surface antigens (CD3, CD8, CD161). To analyze CD4 + T cell population, an analysis gate on CD3 + CD8 -cells was established as significant down modulation of the CD4 occurs after stimulation. Cells were then fixed and permeabilized (Cytofix/Cytoperm; BD Pharmingen) for 20 minutes, washed with WashPerm (BD PharMingen), and labeled with cytokine-specific (APC-labeled, anti-IFN-γ-and phycoerythrinlabeled [PE-labeled] anti-IL-13; BD PharMingen) conjugated mAb's or isotype-matched Ig controls.
Flow-cytometric analysis. LPMCs were obtained from various patient populations as described. Cells were then washed three times with PBS and then stained with various fluorochromes using standard methods provided by the manufacturer (BD Pharmingen). Ab's used for surface-staining PE-labeled anti-CD4, APC-labeled anti-CD8, PE-labeled anti-CD8, and FITClabeled anti-CD161 were purchased from BD PharMingen. FITClabeled anti-Vα 24 and PE-labeled anti-V β11 were purchased from Immunotech (Westbrook, Maine, USA). LPMCs were then analyzed by three-or four-color flow-cytometric analysis using FACSort and CellQuest software (Becton Dickinson Biosciences, San Diego, California, USA). Staining with PE-labeled CD1d-α-GalCer tetramers was performed as previously described (22) . It should be noted that the cells were incubated with fluorochrome-labeled anti-CD3, Vα24, and Vβ11 for 30 minutes at 4°C, washed once with PBS staining buffer, and then reincubated with PE-labeled CD1d-α-GalCer tetramer for 30 minutes at room temperature. Finally, the cells were washed twice with PBS staining buffer and analyzed by flow cytometry as described above (22) . CD1d-α-GalCer tetramers were prepared in the lab of R. Blumberg using materials kindly donated by Mitch Kronenberg (La Jolla Institute, University of California San Diego, La Jolla, California, USA). In some experiments a highly purified iNKT cell line was used as a control. This line was derived from peripheral blood cells obtained from a healthy donor that had been purified by a single-step sorting technique using an antiinvariant TCR mAb (6B11) specific for the complementary determining region 3 (CDR3) of the Vα24/JαQ TCR. The sorted cells were then expanded and maintained in the presence of anti-CD3 (OKT3) (10 μg/ml) and IL-2 (100 U/ml) (21) .
Assay of NKT cell function with CD1d-transfected EBV-transformed B cells. Assay of NKT cell function following stimulation by CD1d-transfected, EBV-transformed B cells was performed as described previously (18, 21) . In brief, 5 × 10 5 LPMCs from each patient population were cultured with equal numbers of mitomycin-pretreated CD1d-transfected cells (721.722 B cells) or identical nontransfected cells for 48 hours. A stable CD1d-transfected 721.221-CD1d cell line was generated by transfecting the 721.221 cell line by electroporation with the pSRα-neo vector containing the human CD1d cDNA as previously described (49) . Transfected cells were selected by G418 sulfate resistance and screened by flow cytometry for CD1d expression. In some assays 30 μg/ml of 51.1.3-blocking CD1d mAb was added to the cell cultures. At the end of the culture period, cytokine measurements for intracellular or ELISA-secreted protein were performed as described above for IL-13 and IFN-γ.
Cytotoxicity assay. CD4 + T cells were obtained by the CD4 Multisort Kit (Miltenyi Biotec) and then selected for CD161 + T cells. NKT cells were maintained in IL-2 (50 U/ml; R&D Systems Inc.) prior to culture. The iNKT cell line, purified UC and CD CD161 + T cells, were activated with either IL-13 (20 ng/nl; R&D Systems Inc.) and/or TNF-α (20 ng/ml; R&D Systems Inc.). The cells were then harvested and seeded with target HT-29 epithelial cells (American Type Culture Collection, Rockville, Maryland, USA) at the indicated E/T ratio as previously described (50) . In all studies, target cells were preincubated with LPS (SigmaAldrich) for 48 hours at a concentration of 1 μg/ml. In some assays 30 μg/ml of 51.1.3 blocking CD1d mAb was added to the cell cultures. Cytotoxicity activity was assayed using the CytoTox 96 System (Promega Corp., Madison, Wisconsin, USA) according to the manufacturer's specifications.
Statistical analysis. Statistical differences were assessed using the Student's t test as indicated. Note added in proof. Since submission and acceptance of this article, we note a recent publication by Jahng et al. (51) showing that experimental autoimmune encephalitis can be due to CD1d-restricted NKT cells bearing a noninvariant TCR.
